Chagas' disease, caused by the hemoflagellate protozoan Trypanosoma cruzi, affects millions of people in South and Central America. Chronic chagasic cardiomyopathy, the most devastating manifestation of this disease, occurs in approximately one-third of infected individuals. Events associated with the parasite's tropism for and invasion of cardiomyocytes have been the focus of intense investigation in recent years. In the present study, we use murine microarrays to investigate the cellular response caused by invasion of primary murine cardiomyocytes by T. cruzi trypomastigotes. These studies identified 353 murine genes that were differentially expressed during the early stages of invasion and infection of these cells. Genes associated with the immune response, inflammation, cytoskeleton organization, cell-cell and cell-matrix interactions, apoptosis, cell cycle, and oxidative stress are among those affected during the infection. Our data indicate that T. cruzi induces broad modulations of the host cell machinery in ways that provide insight into how the parasite survives, replicates, and persists in the infected host and ultimately defines the clinical outcome of the infection.
Chagas' disease, caused by the intracellular flagellate protozoan Trypanosoma cruzi, is a major public health problem in Latin America. According to the World Health Organization, approximately 13 million Latin Americans are currently infected by the parasite and another 90 million are at risk for infection (58) . Chronic chagasic cardiomyopathy (CCC) is the most devastating manifestation of Chagas' disease. Affecting approximately one-third of infected individuals, CCC represents the major cause of cardiomyopathy in Latin America. Despite the obvious clinical importance, the pathogenesis of CCC remains poorly understood (24) .
Intracellular pathogens like T. cruzi exhibit a broad range of strategies to guarantee their establishment and persistence in the host. These strategies depend on the ability of the microorganisms to take control of the host cell machinery and undermine host defense mechanisms (21) . Two such strategies, i.e., appropriation of components of the cytoskeleton to enhance invasion and intracellular motility and subversion of pathways for signal transduction and apoptosis, are well-documented examples of mechanisms by which some intracellular parasites promote their invasion, replication, completion of their cell cycle, and, ultimately, survival in the infected host (9) . Infection of mammalian host cells by T. cruzi is a multistep process that requires activation of multiple signal transduction pathways in both the host and the parasite that lead to parasite entry (6, 15) . Upon completion of a replicative cycle as intracellular amastigotes, the parasites escape from the cell as trypomastigotes, infect neighboring cells, and are eventually disseminated throughout the body, leading to the establishment of the systemic infection.
It has been shown that T. cruzi invading mammalian cells binds to the TrkA receptor, the receptor tyrosine kinase widely expressed in the mammalian nervous system, activating TrkAdependent survival mechanisms and facilitating its adherence, invasion, and survival (40) . This binding is mediated by the parasite-derived neurotrophic factor (PDNF), a trans-sialidase located on the surface of the parasite. PDNF in the cytosol of the host cell apparently activates Akt signaling, leading to a suppression of apoptosis (10) . Furthermore, T. cruzi trans-sialidase binds to endothelial cells, triggering activation of NF-B and leading to protection against apoptosis caused by growth factor deprivation (13) .
Although T. cruzi trypomastigotes are broadly dispersed among many different organs in the mammalian host, cardiac tissue represents an important target for the parasite and the T. cruzi-cardiomyocyte interaction has been the subject of intense investigation. Several molecules at the cardiomyocyte surface, including carbohydrates, fibronectin, and heparan sulfate proteoglycans, are involved in the parasite-host cell recognition and mediate the invasion process (3, 4, 7, 8, 45) . Structural changes in cardiomyocytes observed during intracel-lular development of the parasite may contribute to a reduction of transmission of the contractile force and lead to alterations in function of the heart in Chagas' disease (1, 37, 38, 39, 46) . Finally, T. cruzi-infected cardiomyocytes elicit a strong immune response, characterized by the production of the chemokines RANTES and macrophage inflammatory protein 2 and the cytokines gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣), which triggers a potent nitric oxide-dependent trypanocidal activity (33) . As part of this response, infected cardiomyocytes produce interleukin-1␤ (IL-1␤), which has been reported to be associated with the hypertrophic effect observed in these cells (47) .
Several recent studies have applied broad-based gene expression analysis in myocardial tissue derived from infected animals to gain insight into the molecular events associated with CCC. Garg et al. (16) , in a time course experiment (up to 100 days postinfection), showed that the initial cellular response to T. cruzi invasion is characterized by (i) an upregulation of genes associated with inflammation and interferoninduced immune response; (ii) expression of extracellular matrix proteins (ECMs), suggestive of active reparative and remodeling reactions following injury to the myocardium; and (iii) a generalized depression of mitochondrial function during the progression to chronic disease, indicative of a deficiency of mitochondrial oxidative phosphorylation in T. cruzi-infected murine hearts. Mukherjee et al. (44) , using a single time point (100 days postinfection), reported that the infected heart showed symptoms of chronic inflammation, vasculitis, and fibrosis and, as previously reported by Garg et al. (16) , an upregulation of atrial natriuretic peptide precursor, a strong indicator of cardiac pathogenesis (57) . These authors also found that the ECM genes, especially those associated with fibrosis, were upregulated in the chronic disease model, similar to that observed at day 37 postinfection (16), suggesting different kinetics of infection. Although these studies provided important insights into the molecular events associated with the pathogenesis of CCC at the organ level, the specific cellular response of the cardiomyocytes cannot be separated from the organismal response in these experiments. The global effect of the infection by T. cruzi in cardiomyocytes was characterized for the first time by Goldenberg et al. (20) using a single time point (48 h postinfection). These studies revealed that alterations in cardiac gene expression in Chagas' disease are the consequence of both direct infection of cardiomyocytes and the presence of other cell types in the myocardium.
In the present study, we use microarrays to characterize the global response of murine cardiomyocytes after infection by trypomastigotes in a carefully controlled progression. In contrast to previous reports, our results indicate that T. cruzi induces a broad-based global modulation of genes associated with many pathways and processes in the infected host cell. This global response includes but is not limited to the immune response, inflammation, cell cycle, apoptosis, stress response, and redox homeostasis and disrupts the cytoskeleton and tissue architecture. These effects are generally conducive to the replication and survival of T. cruzi in this hostile intracellular environment. Together, our data provide significant new insight into the early events in the infection of cardiomyocytes that lead to the replication and survival of intracellular T. cruzi after infection by trypomastigotes and the events that may eventually lead to the development of CCC.
MATERIALS AND METHODS

Parasites.
T. cruzi trypomastigotes were obtained from the supernatant of Vero cells infected with the Dm28c clone as previously described (45) . Trypomastigotes liberated 96 h after invasion of the Vero cells were collected, washed by centrifugation in serum-free medium, and used in our invasion experiments.
Primary murine cardiomyocyte isolation, culture, and infection assay. Hearts of 18-day-old embryos of Swiss mice were submitted to mechanical and enzymatic dissociation using 0.05% trypsin and 0.01% collagenase in phosphatebuffered saline at 37°C, following the method previously described (36) . The ventricular heart muscle cells were plated at a density of 2.5 ϫ 10 6 cells in 60-mm sterile plastic petri dishes. Cultures were maintained at 37°C in 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) supplemented with 5% fetal bovine serum, 2.5 mM CaCl 2, 1 mM L-glutamine, 2% chicken embryo extract, 1,000 U/ml penicillin, and 50 g/ml streptomycin.
After 24 h, cardiomyocyte monolayers were exposed to culture-derived trypomastigotes at a ratio of 10 parasites per host cell. Free trypomastigotes were removed after 6 h of interaction by washing the cultures with Ringer's solution (154 mM NaCl, 56 mM KCl, 17 mM Na 2 HPO 4 , pH 7.0), and fresh medium was added to the culture. The time course of infection was interrupted after 1, 2, 4, 6, 12, 24, and 48 h. Uninfected cardiomyocytes or cardiomyocytes incubated with epimastigotes were used as controls.
RNA extraction. Total RNA was extracted from uninfected and T. cruziinfected cardiomyocytes using an RNeasy minikit (Qiagen Inc., Valencia, CA), according to the manufacturer's protocol, and stored in liquid nitrogen until use. RNA was extracted after 1, 2, 4, 6, 12, 24, and 48 h of infection.
Target preparation and microarray hybridization. Labeling of target RNA and hybridization were performed following the manufacturer's instructions (Affymetrix). Briefly, double-stranded cDNA was synthesized directly from total RNA using a Superscript Choice system (Invitrogen Life Technologies) and the primer 5Ј-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGG CGG(dT) 24 -3Ј. Biotin-labeled cRNA was synthesized with a BioArray highyield RNA transcript labeling kit (Enzo Biochemicals). After purification on RNeasy columns (Qiagen), 15 g of fragmented cRNA was hybridized to an MG_U74Av2 array (Affymetrix), and the chips were washed and stained with streptavidin-phycoerythrin on a Fluidics station, as described by the manufacturer. The arrays were scanned at 570 nm at a resolution of 3 m/pixel, using a GeneArray scanner (Agilent Technologies).
Identification of differentially expressed genes (DEGs) during infection. (i) Image analysis.
Images resulting from scanning of each of the hybridized GeneChips were processed using MAS (version 5.0) software (Affymetrix), and the resulting CEL files were analyzed using the robust multiarray average (RMA) method (27) , incorporating the Affymetrix package (17) included in Bioconductor software (18) . All hybridizations were analyzed in one batch to maximize their positive correlation.
(ii) Statistical determination of DEGs. The data resulting from the RMA analysis were submitted to the significance analysis of microarrays method (55) by a two-class unpaired test with 2,000 permutations, using false discovery rate and fold change thresholds of 0.05 and 1.5, respectively, providing us with the list of DEGs.
Verification by real-time PCR. Genes that were identified to be differentially expressed during the infection in our microarray analysis were verified by SYBR green-based quantitative reverse transcription-PCR (RT-PCR). Specific primers for selected differentially expressed genes (see Table S1 in the supplemental material) were designed using Primer Select (Applied Biosystems). In brief, total RNA from samples was reversed transcribed, and the cDNA synthesized was used in assays performed and quantified using an ABI Prism 7900HT sequence detection system (Applied Biosystems). The results for each gene were normalized to transcripts from the 18S rRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes, which are constitutively expressed during these infections.
Functional classification of DEGs. Differentially expressed gene lists were classified for gene ontology and function using Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems), which looks for both known canonical pathways and networks of genes. The analyses with IPA software identified the biological functions and/or diseases that were most significant to the data set. Genes from the data set that met the cutoff of 0.05 and that were associated with molecular and cellular functions in the Ingenuity Pathway Knowledge Base were considered for the analysis.
RESULTS
Analysis of the temporal changes in the transcriptome of cardiomyocytes infected with T. cruzi reveals a global modulation of the host cell response. The gene expression profiles of the infected murine cardiomyocytes were obtained by comparison of RNA from T. cruzi-infected and uninfected cardiomyocytes hybridized to an Affymetrix MG_U74Av2 GeneChip. As a negative control, cardiomyocytes were exposed to noninvasive T. cruzi epimastigotes. Minimal transcriptional changes were observed in these controls (data not shown). The experiment resolved into three distinct empirically defined phases: early (1, 2, 4, 6 h), intermediate (12 h) , and late (24, 48 h). These phases loosely represent three distinct biologically relevant stages in the intracellular cycle of the parasite. Thus, microscopic examination of cardiomyocytes exposed to trypomastigotes for 2 h showed that approximately 35% of the mammalian cells were infected, and this remained stable through the 6-h time point (data not shown). However, the number of intracellular amastigotes increased rapidly at approximately 12 h of infection, because, unlike some other strains of T. cruzi, the intracellular cycle of T. cruzi Dm28c is characterized by a rapid transition to the amastigote stage after invasion (data not shown). Thus, our results indicate that, after an initial early largely nonreplicative phase (e.g., 1 to 6 h), trypomastigotes differentiate into amastigotes and replicate profusely. The 6-h time point likely marks the exit of trypomastigotes from the parasitophorous vacuole (PV) and the beginning of the replicative process of amastigotes in the cytoplasm of the cell. Cell lysis begins at later time points (24 to 48 h), loosely marking the third phase of the infection.
Our analysis of the gene expression profiles at these time points revealed 353 genes that were differentially expressed during at least one of the three different phases of infection (see Table S2 in the supplemental material). Of the 353 DEGs, 111 were upregulated and 242 were downregulated at one or more time points during the experiment. The overall number of DEGs increased with time during the infection, peaking in the late 24-to 48-h stage (Fig. 1) . Confirmation of the DEG results was obtained by RT-PCR of a fraction of the genes detected (Fig. 2) . Examination of the 353 DEGs showed that a broad range of major functional processes was affected (Fig. 3) .
T. cruzi infection induces a broad inflammatory response. Infection of mammalian cells by T. cruzi has previously been shown to elicit a strong immune response characterized by the production of cytokines, including tumor necrosis factor, gamma interferon, and a potent nitric oxide-dependent trypanocidal activity (33) . In our experiments, several immune responseand inflammation-associated genes represented a subset of the most strongly differentially expressed genes across all of the time points of the infection (Fig. 4A) . These genes can be generally grouped according to their functional roles, i.e., recruitment of immune cells, interferon signaling, and mediators of inflammation. Among genes associated with recruitment of immune cells, CCL3, CXCL5, NGFB, selectins P and E, CSF-2, and PLAUR, which are key factors for leukocyte recruitment in inflammatory processes (23, 31, 42, 49, 53) , were upregulated during the infection (Fig. 4A) . Interestingly, the ISG15 gene, a member of the ubiquitin-like protein superfam- ily of proteins which is strongly induced by viral infection or exposure to type I IFN (11), was also upregulated in the late phase of the infection (Fig. 4A ). In addition, the UBP43 gene (also known as USP18), an ISG15-specific protease that belongs to the ubiquitin-specific protease family and that is also strongly activated by IFN and lipopolysaccharide (35) , is also upregulated in the late phase of the infection. Furthermore, other genes associated with the production of mediators of inflammation were differentially expressed. For example, PTGES and PTGS2, two genes strongly associated with prostaglandin synthesis, were upregulated in the later stages of the cardiomyocyte infections.
A delicate balance in apoptosis might determine the fate of the infected cardiomyocyte. Exploitation of apoptotic pathways is a common strategy for survival and/or dissemination used by many intracellular organisms (9) . In our infections of T. cruzi in murine cardiomyocytes, we observed upregulation of two classical proapoptotic genes associated with activation of the intrinsic and extrinsic apoptotic pathways; i.e., BID, the BH3-interacting domain death agonist gene, and TNFRSF6 (or FAS), the TNF receptor superfamily gene (Fig. 4B) . In addition, the GADD45B gene, a member of the GADD45 family of inducible factors associated with cell cycle control and DNA repair (61) , was also upregulated during the infection. GADD45B has been implicated in stress signaling, resulting in either cell cycle arrest, DNA repair, cell survival, or apoptosis (32) . Moreover, the PHLDA1 gene (also known as TDAG51), a member of the pleckstrin homology-related domain family, and the interferon-induced helicase IFIH1 (also known as MDA-5), both associated with programmed cell death in human cells (19, 25, 29) , were upregulated. In contrast to the proapoptosis pathways that are induced, our data confirm the upregulation of the NF-B pathway, which plays a pivotal role in modulating the resistance of T. cruzi-infected cardiomyocytes to apoptosis (48) (Fig. 4A) . Interestingly, several negative regulators of this pathway, including NF-BIA, NF-BIZ, and the TNIP1 gene, are upregulated throughout the infection (Fig. 4A) . Other genes associated with cell survival, including those encoding autotaxin and clusterin (CLU), are also upregulated in the late phase of the cardiomyocyte infection (Fig. 4B) .
T. cruzi invasion leads to disruption of the host cell cytoskeleton, intracellular trafficking, and tissue architecture. The cytoskeleton of the host cell has been shown to play an important role during pathogen invasion, establishment, and replication in the cytoplasm (43) . We identified a number of genes associated with the host cell cytoskeleton and intracellular trafficking that were differentially expressed primarily during the late phase of the T. cruzi infection of murine cardiomyocytes (Fig. 4C) . Thus, several myosin-associated genes (MYL1 and MYL4) and cytoskeleton dynamic and organization-associated genes were downregulated. In addition to the effect of the infection on the cytoskeleton, we observed a downregulation of several genes associated with intracellular trafficking and endocytosis at late time points of the infection. The most affected function is associated with endoplasmic reticulumGolgi and vesicular trafficking (i.e., the COPB2, SAR1B, SEC23A, TEMD2, and VAMP5 genes) (Fig. 4C) .
Disruption of the cytoskeletal architecture is likely to impact interactions between cells, interactions between the cells and the ECM, the integrity of tissue, and intercellular communication. In this context, CCC is characterized by inflammation, infiltration, and myocardial fibrosis to replace the damaged tissue (54) . Our analysis revealed that several genes (Fig. 4D ) associated with cell-cell and cell-ECM interactions and matrix remodeling were largely downregulated during the infection. Thus, both FBN1 and ITM2A, which are associated with cellcell and cell-ECM interactions, are downregulated in the late phase of the infection. Unexpectedly, several collagen-associated genes (COL1A1, COL1A2, COL3A1, COL5A1, COL8A1, and COL15A1; collagen is a main component of the basement membrane that is reportedly highly expressed during FIG. 3 . Functional analysis of DEGs during the infection of cardiomyocytes with Trypanosoma cruzi. The functional analysis identified the biological functions that were most significant to the data set. Genes from the data set associated with biological functions and/or diseases in the Ingenuity Pathways Knowledge Base (see Materials and Methods) were considered for the analysis. Fisher's exact test was used to calculate a P value determining the probability that each biological function and/or disease assigned to that data set is due to chance alone.
CCC [2, 8] ) are downregulated during the late stages of the infection. In addition, integrin signaling-associated genes were also affected, including LIMS1, NEDD9, CYR61, and ITGA5, which were downregulated. Finally, the interaction between cardiomyocytes and the basement membrane is also compromised in these infections. Thus, the NID2 gene, which is a basement membrane glycoprotein that plays a crucial role in assembly, organization, and integration of the basal membrane (30) , is downregulated late in infection.
T. cruzi infection modulates the oxidative and cellular stress response and induces profound changes in the expression of mitochondrion-associated proteins. T. cruzi invasion and intracellular replication lead to profound molecular perturbations that alter the intracellular homeostasis. It is generally accepted that, in CCC, a sustained production of reactive oxygen species due to the parasite infection coupled with an insufficient antioxidant response leads to long-term oxidative stress in the heart. Thus, the severity of chagasic cardiomyopathy is associated with injury due to increased oxidative stress (22) . Our analysis indicated that several genes classically associated with the oxidative stress response, CAT, GPX7, PON2, and TXNDC1, are downregulated early in the infection (Fig.  4E ). In addition, two genes of the proteasome-ubiquitin pathway (UBE2E1 and PSMB5), which is associated with the response to cellular stress, are also downregulated. In addition to the above genes associated with oxidative stress, we identified several other genes related to mitochondrial function that were differentially regulated at different stages of the T. cruzi infection (Fig. 4E) . Seven genes associated with metabolic processes performed by the mitochondria were downregulated, suggesting an early impairment of critical metabolic functions associated with this organelle in infected cardiomyocytes. 
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DISCUSSION
In this study, we characterized the temporal changes in the transcriptome of primary murine cardiomyocytes infected with T. cruzi. Our results, which reveal a global cellular response to T. cruzi infection, are in contrast to previous reports that suggest that infection and invasion of mammalian organs and cell lines by T. cruzi induce only a very limited modulation of the host cell transcriptome (16, 26, 44, 50, 56) . In fact, our results demonstrate for the first time an intense modulation of gene expression beginning at the early stages of infection (Fig. 3) . This is likely the result of the initial interaction of the parasite with cellular receptors that lead to the activation of several signaling cascades as well as the presence of the parasite inside the cell. In addition, our data confirm observations of Goldenberg et al. (20) , related to the late stages of cardiomyocyte infection, indicating that these broad gene expression changes are a direct consequence of the invasion of the cardiomyocytes by the parasite. We believe that the differences between our observations and those of the previous studies are due to the challenges of identifying subtle changes in gene expression in whole-animal models, use of different mammalian cell targets, use of different T. cruzi strains, or other differences in experimental design. In fact, clone Dm28c, used in this study, is a TCI lineage isolate, whereas the strains Y and Brazil, which were used in the previous experiments cited, are TCII lineage isolates. Although TCI and TCII isolates cause similar diseases, the diseases that they cause exhibit many biological, physiological, and pathogenic differences, including different host cell responses (14) , and they have different mechanisms of invasion (23, 58) .
Inflammation is one of the signature events during chagasic cardiomyopathy. Our data are largely consistent with what is known about the inflammatory processes exhibited by experimental models of CCC. However, our work significantly extends these previous observations and provides an integrated view of the genes and proteins involved. Thus, genes associated with recruitment of immune cells, the IFN response, and specific mediators of inflammation are strongly upregulated during the infections. Interestingly, chemokines not previously associated with the response to T. cruzi infection were also identified in our study. Thus, chemokine CXCL5, which is induced by IL-1 or TNF-␣ and is generally associated with recruitment of immune cells, is upregulated early during the infection. Since it was previously reported that T. cruzi-infected cardiomyocytes secrete IL-1 (47), it is possible that these chemokines (CXCL10, CCL3, and CXCL5) play a protective role in the infected tissue and are responsible for early induction of the inflammatory processes associated with infection of cardiac tissue. In addition, nerve growth factor beta (NGFB), a neurotrophic factor that is responsible for survival of specific populations of neurons in the peripheral and central nervous system, is also upregulated during these stages of the infection. Recent work suggests that NGFB is associated with inflammation by inducing the influx of inflammatory cells; i.e., it is chemotactic for leukocytes and elevated levels are observed at sites of inflammation (49) . NGFB is also considered to be a stress response gene that, when it is upregulated, leads to the expression of intercellular adhesion molecule 1 (ICAM-1), an adhesion molecule previously implicated in recruitment after T. cruzi infection (41) . The upregulation of ISG15, a protein associated with ISGylation (52) , and UBP43 suggests an involvement of protein ISGylation in the regulation of the JAK-STAT pathway (34) and opens the question of the role of JAK-STAT during the infection. These observations clearly show that many IFN pathway-related genes that were previously not known to be associated with T. cruzi infection are strongly induced in these T. cruzi-infected cardiomyocytes.
The apoptotic response of the T. cruzi-infected host cell, including cardiomyocytes, remains controversial, and the differences observed in the literature may suggest that the degree of the response varies with the host cell type and the parasite strain (9) . Some reports suggest that infected cardiomyocytes undergo apoptosis in a parasite strain-dependent fashion (12) , whereas others suggest that activation of NF-B prevents apoptosis in these infected cells (48) . Again, it is important to note that these studies examined strains from different lineages of T. cruzi. In the present study, we used T. cruzi Dm28c, an important and well-characterized member of the TCI major lineage. Our analysis identified several genes associated with either apoptosis or survival of the infected cells that were significantly affected during the infection (Fig. 4B) . These apparently contradictory observations suggest a delicate balance between these cellular states. Thus, to help to clarify previous observations of apoptosis in cardiomyocytes infected with the Dm28c clone (12) and the activation of a series of survival genes reported here, a detailed temporal analysis of the change of the genes identified here and by others could provide more definitive answers about the fate of infected cardiomyocytes.
Our study provides further evidence on the extent of the disruption of the host cell cytoskeleton, including alterations in genes associated with the organization and dynamics of the host cytoskeleton during infection. These observations could provide further understanding of the molecular basis for the disturbances in the contractile force of the heart muscle that is observed in CCC. Our observations are also in agreement with previous suggestions that disarray of the cytoskeleton in T. cruzi-infected cells is a necessity for and/or a consequence of the establishment and subsequent replication of the parasite in the cytoplasm. For example, it was recently demonstrated that the alterations in the cytoskeletal organization of infected cardiomyocytes could be reverted by treatment with trypanocidal drugs (51) . Our data identified dramatic changes in the expression of genes associated with the tissue architecture, providing the molecular bases for the disruption observed in CCC. Interestingly, several genes associated with remodeling of the extracellular matrix are modulated during the infection. Thus, cathepsin S (CTSS), a papain-like cysteine protease that has been implicated in tissue destruction caused by lung disease and that may have a role in the response to oxidative stress (59) , is consistently downregulated in response to T. cruzi invasion (Fig. 4D) . In addition, the neutrophil serine protease inhibitor SERPINB1A is upregulated later in the infection (Fig. 4D) . Interestingly, SERPINB1A has been associated with maintenance of lung defense functions in Pseudomonas infections by disabling critical components of the host response to bacterial infection (5). Moreover, TIMP1, an inhibitor of the metalloproteinase that is responsible for the degradation of the ECM (60) , is upregulated late in the infection (Fig. 4D ). These observations may be interpreted in the context of an effort by the parasite to delay the arrival of immune cells to the site of the infection or as a host cell response intended to limit the large inflammatory response observed in CCC.
The changes in the expression profiles of several stressrelated genes (Fig. 4E) provide further molecular explanation for the association of oxidative stress-related injury with CCC and provide novel insight into the role of the ubiquitin-dependent catabolism pathway in the pathology of CCC. Thus, the parasite infection both induces the oxidative response and suppresses the ability of the cells to modulate and control it, thus leading to survival of the parasite and to a permanent damage of the heart by reactive species.
Interestingly, complex I-associated genes NDUFB2 and NDUFB4, together with CYP1B1, were upregulated during the infection. These results are in contrast to previous reports that showed a downregulation of OXPHOS complexes; i.e., complex I (NADH-ubiquinone oxidoreductase) and complex IV (cytochrome c oxidase) were reported to be dramatically decreased in the myocardium in late stages of CCC in an in vivo murine model (16) . This observation suggests that at early stages of infection, represented by the work described herein, there may be an attempt by the cell to compensate for the loss of mitochondrial function. This hypothesis is supported by the upregulation of IMMT, a gene that is essential for the normal mitochondrial function (28) . Later in the infection, represented by the previous studies (22) , the cell may no longer be able to sustain a compensatory effort, thus explaining the apparently conflicting results.
Summary and conclusions. We have examined the gene expression profile of primary cardiomyocytes after infection with T. cruzi trypomastigotes using murine microarrays. In contrast to previous reports, which indicate a modest modulation of gene expression in response to T. cruzi infection, our results suggest a very broad-based modulation of gene expression. At least 353 genes in many relevant pathways and networks are apparently differentially expressed in these infected cell lines. The difference between our results and those of previous investigators can be attributed to the different infected mammalian cell lines used, to the use of whole-animal models and different parasite strains, or to the experimental design. Our results do clearly reflect three specific stages in the process of cellular invasion by the parasite (entry into the cell, differentiation of trypomastigotes into amastigotes in the parasitophorous vacuole, followed by escape of the latter to the cell cytoplasm and rapid multiplication, and finally, cellular lysis). Moreover, we have clearly identified differentially expressed genes associated with many relevant cellular processes, including but not limited to inflammation and cytokine production, apoptosis, disruption of the cellular cytoskeleton, and the oxidative and cellular stress response, confirming a broad-based global cellular response to invasion. Finally, our observations are consistent with the hypothesis that the parasite is exerting control over the mammalian cell processes, e.g., apoptosis, and that this control is optimizing conditions for the parasite to replicate and persist in its infection. Further study will be required to confirm and extend these hypotheses.
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